Since the discovery of tumour initiating cells (TICs) in solid tumours, studies focussing on their role in 16 cancer initiation and progression have abounded. The biological interrogation of these cells continues to 17 yield volumes of information on their pro-tumourigenic behaviour, but actionable generalised conclusions 18 have been scarce. Further, new information suggesting a dependence of tumour composition and growth 19 on the microenvironment has yet to be studied theoretically. To address this point, we created a hybrid, 20 discrete/continuous computational cellular automaton model of a generalised stem-cell driven tissue with 21 a simple microenvironment. Using the model we explored the phenotypic traits inherent to the tumour 22 initiating cells and the effect of the microenvironment on tissue growth. We identify the regions in 23 phenotype parameter space where TICs are able to cause a disruption in homeostasis, leading to tissue 24 overgrowth and tumour maintenance. As our parameters and model are non-specific, they could apply 25 to any tissue TIC and do not assume specific genetic mutations. Targeting these phenotypic traits 26 could represent a generalizable therapeutic strategy across cancer types. Further, we find that the 27 microenvironmental variable does not strongly effect the outcomes, suggesting a need for direct feedback 28 from the microenvironment onto stem-cell behaviour in future modelling endeavours. 29 Author Summary
Introduction generalizable therapeutic strategies based on conserved motifs in these cells grows. We therefore aim 84 to understand how the phenotypic traits discussed earlier (asymmetric division rate, allowed rounds of 85 transient amplification and lifespan of terminally differentiated cells) and microenvironmental changes 86 (modelled as differences in oxygen supply) effect resultant tissue growth characteristics. 87 To this end, we present a minimal spatial, hybrid-discrete/continuous mathematical model of a hi-88 erarchical SC-driven tissue architecture which we have used to explore the intrinsic, phenotypic, factors 89 involved in the growth of TIC-driven tumours. We consider parameters that involve the rates of division 90 of the cells involved in the hierarchical cascade as well as micro-environmental factors including space 91 and competition between cell types for oxygen. We present results suggesting that there are discrete 92 regimes in the intrinsic cellular parameter space which allow for disparate growth characteristics of the 93 resulting tumours, specifically: TICs which form tumours that are unsustainable, TICs that are capable 94 of forming only small colonies (spheres), and TICs that are capable of forming fully invasive tumours in 95 silico, just as we see diversity in biological experiments ( Figure 2 ). symmetric vs. asymmetric division (α) and progenitor division potential (β) was performed. We also 99 explored the parameter determining the lifespan of differentiated cells (γ) and found that the only impact 100 of longer lifespans is an increase in the amount of time before the simulations reach a steady state, but does shows the total tissue size after 50,000 time steps as we change the proliferative potential of progenitor 106 cells. Each of the lines shows a different ratio of symmetric vs asymmetric divisions. These results show 107 that all these three parameters have a critical range where homeostasis is disrupted (tumourigenesis).
108 Figure 4 shows examples of the typical results produced by this model. Although the proliferation 109 rates of all the cells remain the same, due to space constraints and the differences in α, the population 110 of TICs does not grow at the same rate as the non-stem population. Figure 4A shows an example of an 111 unviable tissue (parameters: Θ = 0.001, α = 0.3, β = 50 and γ = 1 day) where the vascularisation does 112 not support the potential tissue size of that TIC, resulting in an area of hypoxia affecting the region that 113 contains the TIC. That leads to the death of the stem cell and, eventually, the rest of the cells in the tissue.
114 Figure 4B shows a case of slightly increased symmetric division, resulting in a dynamic homeostasis where 115 cell birth and death is balanced so that tissue size remains relatively constant -which could represent 116 the enigmatic dormant phase [9] . Finally, figure 4C shows an example where the system never achieves 117 true homeostasis. In this case α is slightly higher when compared with the previous example, suggesting Figure 1 . Cartoon representing the hierarchical model of stem-cell driven tissues. In this formulation, each stem can undergo two types of division, either symmetric (with probability α) or asymmetric (with probability 1 − α). Each subsequently generated transient amplifying cell (TAC) can then undergo a certain number (β) of round of amplification before differentiating into a terminally differentiated cell (TD) which will live for a certain amount of time before dying (γ timesteps). It is these three parameters, which we assume are intrinsic to a given stem cell, which we explore in this paper.
Figure 2. Differential phenotypes in cultures enriched for brain tumour initiating cells.
Bright field images of CD133+ patient derived glioblastoma cell lines cultured in Neurobasal supplemented with EGF, FGF and B27, exhibiting striking phenotypic variability. These differences highlight the heterogeneity present even in a highly controlled static environment between cells that are putatively the same.
Tables 341 Table 1 . Supplementary Information. Raw stem and total cell numbers from several runs of the CA with varying parameter combinations. figure 4 . The black trace, representing the unsustainable simulation, grows quickly though never expands its stem population and then outstrips the available oxygen and collapses. The blue trace, representing the Homeostatic simulation, reaches a critical size and then maintains a steady birth-death balance. The red trace, representing the tumorigenic simulation, settles into an effectively linear trace on this log-log plot, suggesting power law growth. ,5,10,11,12,13,14,15,16,1 7,18,19,20,50,70,100 ɣ (Differentiated cell lifespan) 1 # (Vascularisation) 0.001, 0.01, 0.05, 0.1, 0.5
Any simulation performed by this model can be characterised by the parameters found in table the most relevant parameters for the question we are trying to address are the following:
1. Symmetric/asymmetric division rate of stem cells (!) 2. Vascular density in the tissue (#) 3. Number of allowed divisions of transient amplifying cells (") 4. Lifespan of terminally differentiated cells (ɣ)
In each case, as can be seen in figure 3 , a simulation is seeded with one TIC with a given set 
